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Abstract
A major limitation to the widespread application of Y–Ba–Cu–O (YBCO) bulk superconductors is
the relative complexity and low yield of the top seeded melt growth (TSMG) process, by which
these materials are commonly fabricated. It has been demonstrated in previous work on the
recycling of samples in which the primary growth had failed, that the provision of an additional
liquid-rich phase to replenish liquid lost during the failed growth process leads to the reliable growth
of relatively high quality recycled samples. In this paper we describe the adaptation of the liquid
phase enrichment technique to the primary TSMG fabrication process. We further describe the
observed differences between the microstructure and superconducting properties of samples grown
with additional liquid-rich phase and control samples grown using a conventional TSMG process.
We observe that the introduction of the additional liquid-rich phase leads to the formation of a
higher concentration of Y species at the growth front, which leads, in turn, to a more uniform
composition at the growth front. Importantly, the increased uniformity at the growth front leads
directly to an increased homogeneity in the distribution of the Y-211 inclusions in the
superconducting Y-123 phase matrix and to a more uniform Y-123 phase itself. Overall, the
provision of an additional liquid-rich phase improves signiﬁcantly both the reliability of grain
growth through the sample thickness and the magnitude and homogeneity of the superconducting
properties of these samples compared to those fabricated by a conventional TSMG process.
Keywords: top seeded melt growth, YBCO, Y-211, microstructure, liquid rich phase, bulk high
temperature superconductor, Y-123 matrix
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
Single grain, (RE)-Ba–Cu–O [(RE)BCO, where RE is a rare
earth element or Y], bulk high temperature superconductors,
have the ability to trap large magnetic ﬁelds that are typically
more than an order of magnitude larger than those generated
by conventional permanent magnets [1]. As a result, there is a
wide range of potential applications for these materials, which
include levitation devices, such as Maglev trains, energy
storage ﬂywheels, rotating machines, such as motors and
generators, and trapped ﬂux devices [2–4].
The presence of poorly connected grain boundaries in
(RE)BCO superconductors reduces signiﬁcantly the ﬂow of
supercurrent within the bulk microstructure, which, in turn,
results in a signiﬁcant reduction in the size of the current loop
and therefore the magnitude of the trapped ﬁeld generated by
the sample [5, 9]. As a result, these materials are only useful
for practical applications when processed in the form of large,
single grains [6–8]. Top seeded melt growth (TSMG) is one
of two processes used widely to fabricate YBCO in this form
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[5, 10]. TSMG involves heating a precursor powder pellet
above the peritectic decomposition temperature of the con-
stituent superconducting YBa2Cu3O7−δ (Y-123) phase, which
decomposes into a secondary Y2BaCuO5 (Y-211) solid phase
and a Ba–Cu–O liquid phase. Slow, controlled undercooling
in the presence of a suitable seed crystal enables the nuclea-
tion and growth of a large single grain, comprising a super-
conducting Y-123 phase matrix that contains discrete, non-
superconducting Y2BaCuO5 (Y-211) phase inclusions that
provide effective ﬂux pinning [5, 6, 11].
The peritectic reaction for YBCO on solidiﬁcation occurs
at approximately 1000 °C, and is described as follows [12];
( )+  d-YBaCuO Ba Cu O liquid YBa Cu O2 5 3 5 8 2 3 7
A similar process can be employed using a range of rare
earth elements, including Nd, Sm and Gd, rather than Y.
A uniform distribution of small inclusions and defects,
including Y-211 inclusions, ideally of size comparable to the
coherence length of the Cooper pairs at a given temperature,
needs to be present in the Y-123 superconducting matrix to
act as ﬂux pinning sites if the single grain samples are to
exhibit optimum superconducting properties [6, 13, 14]. Both
the distribution and size of the Y-211 inclusions are inﬂu-
enced signiﬁcantly by the TSMG processing conditions. In
general, the distribution of Y-211 inclusions within the Y-123
phase matrix after solidiﬁcation, which generally increases
with increasing distance from the seed, can be modeled by
particle pushing and trapping theory [15]. The amount of
local undercooling also determines the critical radius of the
Y-211 particles trapped at each location within the growing
single grain, provided that the Y-211 particles can be con-
sidered reasonably as inert [15]. Extended exposure at ele-
vated temperature during the TSMG process results in an
undesirable coarsening of the Y-211 particles within the melt,
which may be modeled by Ostwald ripening theory. The
coarsening of the Y-211 particles is governed by both diffu-
sion of solute through the liquid and the reaction at the
interface between the Y-211 particle and the liquid-phase
[16]. Therefore, the chemical composition of a single grain
fabricated by TSMG is generally inhomogeneous due to the
complexity of the growth process and outﬂow of liquid from
the sample during grain growth [16, 17].
Inﬁltration and growth (IG) is an alternative technique
used to fabricate large, single grain bulk (RE)BCO super-
conductors. Typically, this involves arranging a pressed RE-
211 preform pellet above a liquid-rich source pellet. Upon
heating, the RE-211 pellet remains solid while the liquid-rich
source pellet melts, inﬁltrating upwards into the preform and
reacting with the RE-211 phase to form the RE-123 phase,
which will subsequently form the superconducting matrix
[18]. This technique overcomes directly the issues of RE-211
particle coarsening and inhomogeneity associated with Ost-
wald ripening and particle pushing and trapping, since the
preform does not melt in the IG method. However, this pro-
cess is more challenging and complex than TSMG to apply
reproducibly, and has only been used relatively recently to
fabricate samples reliably.
A successful recycling process has been developed by
Shi et al [19], based on both the TSMG [9, 10] and IG process
[20, 21]. In this approach, a sample that has failed to grow via
a primary TSMG process is provided with additional liquid-
rich phase from a liquid-rich source pellet, similar to that used
in the IG process, to replenish liquid lost during the initial, or
primary, melt process. The additional liquid-rich phase is able
to inﬁltrate into the failed grain upon heating to form addi-
tional RE-123 phase at the growth front [19]. This provides a
sufﬁcient concentration of the respective rare earth element at
the growth front to enable a single grain to grow more easily
by providing a more uniform composition at the growth
front [22].
The recycling process has been observed to be more
reliable in the successful fabrication of single grain samples
than the primary TSMG process. Recycled samples typically
exhibit extended through-thickness grain growth and a much
more uniform and homogeneous distribution of RE-211 par-
ticles throughout the sample microstructure, which is con-
sidered to be due directly to the provision of additional liquid-
rich phase [22]. Additional liquid-rich phase was incorporated
in the TSMG process for the fabrication of YBCO single
grains in this study in an attempt to improve the reliability of
complete sample growth and to produce a single grain sample
with a highly uniform distribution of RE-211 particles and,
therefore, more uniform and potentially improved super-
conducting properties. A much smaller quantity of additional
liquid-rich phase was used in the fabrication of these samples
than in the recycling technique.
The microstructure and properties of the samples fabri-
cated with additional liquid-rich phase were compared with
samples produced by the conventional TSMG technique. The
superconducting properties of both sets of samples were
measured and compared along the c-axis direction of each
single grain, in addition to the microstructure and composi-
tion along both the a and c-axes. The trends in the distribution
of the Y-211 and Y-123 phases and the effect of the addi-
tional liquid-rich phase at both the top and bottom surfaces
and through the thickness of the single grain samples are
observed. Conclusions have been drawn on the effect of the
provision of additional liquid-rich phase on samples fabri-
cated by the TSMG process.
2. Method
2.1. Buffer aided TSMG and TSMG with additional liquid-rich
phase
Two samples were grown by conventional TSMG [5, 20] and
nine samples were provided with additional liquid-rich phase
in an incremental growth optimization process. Three liquid-
rich phases were investigated, of which the optimum com-
position was identiﬁed to be Yb2O3 : Ba3Cu5O8 : BaO2 in a
molar ratio of 5.0 : 5.6 : 1.0. These precursor powders were
calcined once at 850 °C for 5 h prior to melt processing. Yb
was chosen as the RE element within the liquid-rich phase to
prevent the formation of subgrains at the bottom as the Yb-
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based liquid-rich phase has a lower melting temperature
than Y-123.
The growth of a standard sample fabricated by the con-
ventional TSMG process employed a cylindrical precursor
powder pellet of composition 75 wt% Y-123, 25 wt% Y-211
and 0.5 wt% CeO2 with a mass of 22 g and was pressed
uniaxially to a diameter 25 mm. A buffer pellet of diameter
5 mm diameter of mass 0.15 g was placed at the center of the
top surface of the green pellet and a NdBCO seed was placed
centrally on top of the buffer pellet. A layer of Yb2O3 was
painted onto the bottom surface of the precursor powder pellet
to reduce the likelihood of satellite grain nucleation at the
ZrO2 rods used to support the entire precursor sample
arrangement.
The additional liquid-rich phase was provided by 3 g of
powder pressed into a pellet of diameter 25 mm with a 1.5 g
layer of Yb2O3 powder incorporated at its base to provide a
mechanically stabilizing layer. This double layer powder
pellet was placed between the precursor powder pellet and the
ZrO2 rods. The two samples assemblies prior to melt pro-
cessing are shown schematically in ﬁgure 1.
Both sets of samples were heated in air in a box furnace
at 100 °C h−1 to 926 °C, held there for 4 h, heated at
50 °C h−1 to 1046 °C, held for 1 h, cooled at 50 °C to
1001 °C, cooled at 1 °C h−1 to 996 °C, cooled at 0.4 °C h−1 to
970 °C and, ﬁnally, cooled at 100 °C h−1 to room temper-
ature. The samples were annealed following melt processing
in a tube furnace in an oxygen-rich atmosphere at 450 °C for
8 d to enable the transformation of the Y-123 matrix from a
non-superconducting tetragonal to a superconducting orthor-
hombic structure. It should be noted that the precision of the
temperatures and timings during the various stages of the
TSMG process are critical for the production of a large, single
grain sample.
Photographs that are typical of the two samples investi-
gated are shown in ﬁgure 2. These may be identiﬁed as single
grains by the four-fold facet lines, exhibited on the top surface
and extending down the sides of each sample. Sample 1 was
grown by a conventional buffer aided TSMG process,
whereas sample 2 was also grown by a buffer aided TSMG
process but provided with additional liquid-rich phase of the
composition indicated above. The single grain region of
sample 2 was observed to extend to the base of the sample,
whereas that in sample 1 did not and contained a number of
small, secondary grains in its microstructure. Figure 3 shows
the central cross section of both samples, secondary grains
can be seen at the base of sample 1 in ﬁgure 3(a).
2.2. Measurement of superconducting properties
2.2.1. Trapped magnetic field. Unreacted liquid-rich phase
was removed from the base of sample 2 before the top and
bottom surfaces of both samples were polished ﬂat and
parallel. The maximum trapped magnetic ﬁelds at both the top
and bottom of the samples were measured at 77 K following
ﬁeld cooling in an applied magnetic ﬁeld of 1.4 T. The
magnetic ﬁeld was measured initially using a hand-held Hall
sensor positioned 0.5 mm above each sample surface. The full
trapped ﬁeld proﬁles at both the top and bottom surfaces were
then measured using a rotating array of 20 Hall probes at a
distance of 1.0±0.5 mm from the surface of each sample.
2.2.2. Transition temperature (Tc) and critical current density
( Jc). Samples 1 and 2 were cut in half along a diameter to
expose a rectangular cross section and cut further into sub-
specimens of approximate dimensions
1.5 mm×2.0 mm×1.2 mm, as shown schematically in
ﬁgure 4. These samples were then analyzed using a SQUID
(superconducting magnetic interference device)
magnetometer (Quantum Design MPMS XL). The value of
Tc was established directly from the measured data at a
constant ﬁeld of 1.6 kAm−1 and the value of Jc at 77 K was
derived from the observed hysteresis loops using the extended
Bean model [23].
2.3. Microstructure and composition
The samples were imaged using an optical microscope, at a
magniﬁcation of 50x to observe the pore and crack distribu-
tion and at 1000x magniﬁcation to observe the Y-211 size and
distribution. Images were taken at intervals of 1 mm along
both the a and c-axes of the single grain samples. The a/b-
axis (i.e. radial) direction of sample 1 was also imaged at a
distance 1.5 mm from the base given that the single grain
Figure 1. Sample assembly for melt processing: (a) sample 1 by conventional TSMG and (b) sample 2 by TSMG with additional liquid-rich
phase.
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region of did not extend fully to the bottom of this sample.
This enabled the microstructure at the bottom of the single
grain region to be studied. The orientation of the single grain
axes is illustrated in ﬁgure 4(b). The microstructure of the two
samples was also observed for areas of approximately
40 μm×40 μm at intervals of 1 mm using a scanning elec-
tron microscope (SEM), at 2000x magniﬁcation with an
acceleration voltage of 25 kV, along the three regions of the
samples studies using the optical microscope in order to
compare the Y-211 distributions and microstructures between
equivalent regions and between the two samples themselves.
The average composition for each approximate
40 μm×40 μm area imaged using SEM was recorded using
an energy dispersive x-ray (EDX) spectroscopy analyzer
(s-3400).
Figure 2. Single grain samples after melt processing: (a) sample 1 and (b) sample 2.
Figure 3. Low magniﬁcation images of the central cross section of
(a) sample 1 and (b) sample 2 shows a number of secondary grains
nucleated from the base of sample 1.
Figure 4. A schematic representation showing: (a) the locations of
the various sub-specimens and (b) the orientation of the axes imaged
within the single grain.
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The composition data were normalized according to the
atomic percentages of Y, Ba and Cu present at each location
and the value at each location was compared with the
expected stoichiometric atomic percent of Y, Ba and Cu. The
differences in composition and variation of composition
throughout the two samples were compared in detail. The
variation in the calculated ratios of Y:Ba and Y:Cu, which
correlate directly with the amount of Y-211 present, were
used to identify trends in the distribution of Y-211 inclusions
throughout the two samples.
3. Results and discussion
3.1. Superconducting properties
Single grains typically exhibit a characteristic trapped ﬁeld
proﬁle consisting of a single peak that decreases radially and
continuously with distance from the seed. Examples of this
characteristic trapped ﬁeld proﬁle at the base of samples 1 and
2 can be seen in ﬁgure 5. The maximum trapped ﬁeld values
for the top and bottom surfaces of each of the two samples are
given in table 1. The maximum trapped ﬁeld and the dis-
tribution of the trapped ﬁeld, shown in ﬁgure 6, is very similar
for both samples on their top surfaces, although the maximum
trapped ﬁeld value at the base of the sample grown using the
additional liquid-rich phase is more similar to the maximum
value measured at the top surface of both samples. This value
of trapped ﬁeld is signiﬁcantly higher than that measured at
the base of the sample grown without additional liquid-rich
phase. The uniformity of the trapped ﬁeld proﬁle is also much
greater for the sample grown with the additional liquid-rich
phase than for the sample fabricated using conventional
TSMG, as is apparent from the more circular and more uni-
formly spaced contour lines in ﬁgure 6(d).
The measurement of magnetization with varying temp-
erature is shown in ﬁgure 7. Very little variation in Tc was
observed throughout the samples, as expected for single grain
YBCO, or between the samples, with all values of Tc lying in
the range 90.6±0.2 K for both samples.
An additional parameter, ΔT, deﬁned as the temperature
range within which 90% of the magnetic moment is observed
and which corresponds roughly to a measurement of trans-
ition width using a resistive technique, can be used to char-
acterize the quality of the single YBCO grain. It can be seen
that the variation in ΔT is larger between sub-specimens and
between samples than the actual value of Tc. In addition, it is
apparent from the relatively shallow gradient of the transition
in ﬁgure 7(a) that the value of ΔT increases with increasing
distance from the seed for both samples and then decreases at
the bottom of sample 2. Unfortunately, the sub-specimen
corresponding to position 1te in the single grain could not be
analyzed for sample 1, since this was outside the single grain
region (this sample had not fully grown to its base). The
distribution in ΔT and the trend in the trapped ﬁeld proﬁles
suggest that the provision of additional liquid-rich phase to
sample 2 has a signiﬁcant effect on improving the quality and
uniformity of superconducting properties at the bottom of the
sample.
Jc as a function of magnetic ﬁeld was calculated for each
of the sub specimens from the magnetic moment hysteresis
curves, as shown in ﬁgure 8. It can be seen that sample 1
exhibits a much larger variation in the distribution of the Jc
data. The value of Jc is higher for all sub-specimens in sample
2 than in sample 1, with the exception of location 1tc. Both
samples show a trend of increasing Jc with distance from the
seed until position 1tc in the single grain microstructure, and
at which point Jc decreases with increasing distance from
the seed.
Sample 2 exhibits much less variation in Jc between sub-
specimens, and a signiﬁcantly higher and more uniform
Figure 5. Characteristic trapped ﬁeld proﬁles for the base of: (a) sample 1 and (b) sample 2.
Table 1. Maximum values of trapped ﬁeld measured at the top and
bottom surfaces of samples 1 and 2.
Maximum trapped ﬁeld (T)
Sample Top Bottom Difference
1 0.532 0.262 0.270
2 0.596 0.548 0.048
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distribution of the maximum value of Jc for all the sub-spe-
cimens along the c-axis, with the exception of sub-specimen
1tc. This suggests that the provision of additional liquid-rich
phase produces a much more uniform distribution of ﬂux
pinning centers, and therefore a more uniform distribution of
the Y-211 precipitates, and a much more uniform distribution
of Y-123 superconducting phase than in the sample grown by
the conventional TSMG process. This leads directly to more
homogeneous superconducting properties throughout the
sample and to a signiﬁcantly greater magnitude of magnetic
moment (and potentially trapped magnetic ﬁeld).
3.2. Microstructural analysis
The presence of Y-211 particles at the top surfaces of both
samples was conﬁrmed by EDX analysis, and that the con-
centration of these particles increased with increasing distance
from the seed. This trend has been observed previously in
conventional TSMG samples and recycled samples provided
with additional liquid-rich phase [15]. This suggests that the
provision of additional liquid-rich phase has little effect on
the microstructure at the top surface of the sample, indicating
possibly that there is insufﬁcient time for the additional
liquid-rich phase to inﬁltrate all the way to the top of the
sample, or that there is already sufﬁcient liquid-rich phase
present in this region of the sample and therefore no com-
positional gradient to drive the inﬁltration of additional
liquid-rich phase to the top surface of the sample.
Images of the samples taken along the c-axis indicated
the presence of sub-grains at the base of sample 1, whereas
sample 2 was grown fully to the bottom of the precursor
pellet. This suggests that the additional liquid-rich phase
enables the extension of the growth of the single grain region
to the base of the sample, thus producing a larger single grain
region and increasing the overall quality of the sample. Both
the number of cracks and pores decreases with distance from
the seed in the c-axis direction for sample 2, which is not
observed in sample 1, which may be due to the additional
liquid-rich phase inﬁltrating into and ﬁlling these micro-
structural features. This results in a sample that contains a
larger region of uninterrupted, continuous Y-123 super-
conducting phase matrix, as is conﬁrmed by the value of
magnetic moment observed for the sub-specimen taken clo-
sest to the base of sample 2, which has the highest value of Jc
at position 1te for the samples under investigation. The dis-
tribution of Y-211 inclusions in sample 1, shown in ﬁgure 9,
is as anticipated from particle pushing/trapping theory for all
Figure 6. Trapped ﬁeld distribution for: (a) sample 1 top, (b) sample 1 bottom, (c) sample 2 top and (d) sample 2 bottom.
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the images. This predicts that the volume fraction occupied by
Y-211 particles increases with increasing distance from the
seed, with a larger number of smaller particles being trapped,
also with increasing distance from the seed. The distribution
of Y-211 inclusions in sample 2 is as anticipated from particle
pushing/trapping theory for images a–c, but, due to the
provision of additional liquid-rich phase, there are fewer
Y-211 inclusions at location d and, therefore, a greater con-
centration of the superconducting Y-123 phase. This suggests
that the provision of additional liquid-rich phase increases the
uniformity of the Y-211 inclusions and Y-123 matrix towards
the base of the sample.
3.3. Compositional analysis
Measurement of the average composition of areas approxi-
mately 40 μm×40 μm at intervals of 1 mm throughout the
bulk single grain samples has indicated that the average
composition at each location tends to ﬂuctuate around the
expected stoichiometric composition for both samples.
Figure 10 shows variations in primary elemental com-
position in samples 1 and 2 for all three directions imaged
(horizontally across the top corresponding to the a/b-axis,
horizontally across the base corresponding to the a/b-axis and
vertically through the thickness corresponding to the c-axis).
It can be seen that both samples show similar trends of
decreasing normalized Cu at% (atomic percentage), almost
constant normalized Ba at% and increasing normalized Y at%
with increasing distance from the seed. These values correlate
with the amount of liquid-rich phase (Ba3Cu5O8) present and
indicate that the amount of this present at each location
reduces with increasing distance from the seed in both sam-
ples. Sample 1 exhibits much larger ﬂuctuations in the nor-
malized compositions and a steeper general trend in their
variation than sample 2 in both the vertical and horizontal
directions along the base of the samples. This suggests that
there is a greater variation and reduction of liquid phase in the
vertical direction and at the base of sample 1 than sample 2. It
appears that the liquid-rich phase only inﬁltrates part of the
way up the sample and has little effect on the composition at
the top of the sample, since the magnitude of the ﬂuctuations
in composition are similar and the gradient in the general
trend in the observed decrease in the normalized atomic
percentages is similar at the top surfaces of both samples.
EDX analysis enabled the location of the edge of the
single grain region to be identiﬁed from the normalized
composition plots as the point where the normalized con-
centrations of Cu and Y begin to strongly converge, as shown
Figure 7. Magnetic moment as a function of temperature used to
determine Tc for (a) sample 1 and (b) sample 2. Figure 8.Magnetic ﬁeld dependence of Jc determined from magnetic
hysteresis for (a) sample 1 and (b) sample 2.
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in ﬁgure 10. This occurs at 11 mm along the top surface in
sample 1 and corresponds directly with the images taken
using SEM, from which the edge of the single grain region
can be identiﬁed visually.
The ratios of Y:Ba and Y:Cu correlate directly with the
amount of Y-211 present locally in the sample micro-
structure. As a result, the average ratio for each area over
which the composition was measured and the variation in
composition ratio were used to identify the trend in the
distribution of Y-211 inclusions throughout the two sam-
ples. Plots of these ratios for both samples are shown in
ﬁgure 11. Both Y:Ba and Y:Cu ratios increase with
increasing distance from the seed along all three directions
investigated. This suggests that the amount of Y-211
increases with increasing distance from the seed throughout
each sample. However, sample 1 exhibits both a greater
increase in both ratios with increasing distance from the
seed and wider ﬂuctuations than sample 2, except at the top
of the sample, with the greatest differences being particu-
larly pronounced in the vertical direction. This suggests that
the additional liquid-rich phase provided has no effect on
the distribution of Y-211 at the top of the sample, although
the amount of Y-211 does increase with distance from the
seed as it does in the other directions. The additional liquid-
rich phase provided during the growth process does have a
noticeable effect upon the ratio of Y-211 to Y-123 particles
lower down the sample, with the additional liquid-rich
phase provided enabling an increased uniformity in the
distribution of Y-211 particles towards the base of the
sample. This, therefore, increases the uniformity in the
amount of the Y-123 superconducting phase within which
the supercurrent can circulate. (It should be noted that
microscope images do not indicate a sudden ﬂuctuation in
the amount of Y-211 inclusions at the edge of the grain, as
is observed in the graph in ﬁgure 11 for the horizontal
direction.)
3.4. Relation between microstructure, composition and
superconducting properties
The liquid-phase carries the Y element with it in the peri-
tectically decomposed state and so the presence of additional
liquid-rich phase enables an additional and sufﬁcient quantity
of Y to be transported to the growth front of the sample
during the single grain growth process. This suggests that
provision of additional liquid-rich phase enables the peritectic
reaction to continue to the edge of the sample, and, without
which, growth of the complete sample would otherwise be
incomplete. As a result, the additional liquid-phase, and
speciﬁcally the concentration of Y that it transports, is able to
provide a more uniform composition at the growth front and,
as such, enables more reliable growth and an extended growth
region given that the growth of a single grain is limited by
diffusion of the Y element at the growth front.
The composition at the growth front has a much greater
uniformity than the bulk of the sample. As a result, the
regions within the bulk sample to which the additional liquid
is able to inﬁltrate to provide the extended growth effect,
which are predominately the base of the sample but include,
to some extent, the entire sample, exhibit a much greater
uniformity in the Y-211 particle distribution than for samples
grown by conventional TSMG. The composition at the base
and at a distance over 3 mm from the seed along the c-axis
direction is much more uniform due to the presence of
additional liquid and, therefore, the presence of additional Y
at the growth front.
Microstructural studies of samples produced by the
conventional TSMG process reveal that the amount of liquid
phase present during grain growth decreases with increasing
distance from the seed, and exhibits larger ﬂuctuations
between adjacent locations within the single grain structure.
The large decrease towards the base of the sample is likely to
be due to the loss of liquid during melt processing, and this is
more signiﬁcant at the bottom of the sample. The increased
Figure 9. Optical microscope images with increasing distance from the seed in the c-axis direction at 1000x magniﬁcation at positions of (a)
0 mm, (b) 2 mm, (c) 5 mm and (d) 6 mm. The top and bottom rows correspond to samples 1 and 2, respectively.
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uniformity of the liquid phase distribution and the higher
levels of liquid phase present in the sample grown with
additional liquid-rich phase are attributed to the ability of the
additional liquid-rich phase to inﬁltrate upwards into the
pressed precursor pellet. The most prominent effects on the
composition are observed towards the base of the sample.
Comparison of the two samples studied here has shown that
the provision of additional liquid-rich phase has relatively
little effect on the top surface of the single grain. This sug-
gests, therefore, that less liquid is lost from the top of the
sample during conventional TSMG than it is from the base.
Homogeneous nucleation during the growth process occurs at
the seed on the top surface of the sample, as a result, the top
surface of the sample is the ﬁrst to solidify, so initially there is
sufﬁcient liquid phase and local Y content to produce a single
grain with a uniform composition and microstructure. As
solidiﬁcation proceeds, however, the amount of liquid phase,
and therefore the amount of Y being supplied to the growth
front, decreases with increasing distance along the c-axis of
the sample. In turn, this reduces the uniformity of the com-
position and the distribution of Y-211 inclusions within the
Y-123 phase matrix. No signiﬁcant change in the composi-
tion, uniformity of composition, distribution of liquid phase
or the concentration of Y-211 at the top of the sample occurs
compared to that observed in a single grain fabricated by
conventional TSMG when additional liquid-rich phase is
provided because there is already sufﬁcient liquid phase
present at the top of the sample.
The small, unreacted Y-211 particles trapped within the
Y-123 phase matrix during peritectic solidiﬁcation create
Y-211/Y-123 interfaces that are able to act as effective ﬂux
pinning centers. The ﬂux pinning centers determine the ability
of the sample microstructure to pin ﬂux, which, in turn,
determines the magnitude of the in-ﬁeld critical current den-
sity. The fabrication of a large, connected single grain region
is fundamental to the generation of a large trapped ﬁeld. An
increased uniformity of the distribution of Y-211 particles
within a given volume fraction range, therefore, is able to
account for a larger and more uniform value of Jc, and
especially at the base of the sample. However, the volume
fraction of the superconducting Y-123 phase will be too low
to further increase Jc and trapped ﬁeld above a critical volume
fraction of Y-211 particles.
The increase in uniformity of the trapped ﬁeld proﬁle at
the base of the sample grown with additional liquid-rich phase
can be explained generally by the increased homogeneity of
the Y-211 distribution throughout the sample microstructure,
which results directly in improved homogeneity of ﬂux pin-
ning and to an increased uniformity in the distribution of
Y-123 phase throughout the sample. The increase in magni-
tude of the maximum trapped ﬁeld measured at the base of the
sample provided with additional liquid-rich phase can be
explained, at least in part, by the increase in the measured
value of Jc as a result of the increased uniformity of the Y-211
inclusion distribution but is probably due predominately to
the increase in uniformity and quantity of the Y-123
Figure 10. The variation of normalized composition with position for samples 1 and 2.
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superconducting phase in this region of the sample, which
generates a larger area over which the superconducting cur-
rent can ﬂow.
4. Conclusion
The provision of additional liquid-rich phase during the fab-
rication of YBCO bulk samples by TSMG has been shown to
increase signiﬁcantly the reliability with which through-
thickness, single grain growth is obtained compared to sam-
ples grown by conventional TSMG. This is due to the fact
that the additional liquid-rich phase is able to inﬁltrate from
the source precursor pellet into the lower portion of the
sample during the grain fabrication process. Moreover,
increased uniformity at the growth front produces a more
uniform overall composition in the lower section of the
sample, which results in both a greater homogeneity in the
distribution of Y-211 particles and an increased uniformity of
the Y-123 superconducting phase matrix. This leads to a
much greater uniformity in the key superconducting proper-
ties, which include Tc, Jc and trapped magnetic ﬁeld, in large,
single grains fabricated using the additional liquid-rich phase
technique. We have shown, therefore, that the provision of
additional liquid-rich phase during growth is a simple and
effective modiﬁcation to the well-established conventional
TSMG process that leads to improved reliability and sample
performance.
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